Design and characterization of tissue-mimicking gel phantoms for diffusion kurtosis imaging by Portakal, ZG et al.
This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository: http://orca.cf.ac.uk/109833/
This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:
Portakal, ZG, Shermer, S, Jenkins, C, Spezi, Emiliano, Perrett, T, Tuncel, N and Phillips, J 2018.
Design and characterization of tissue-mimicking gel phantoms for diffusion kurtosis imaging.
Medical Physics 45 (6) , pp. 2476-2485. 10.1002/mp.12907 file 
Publishers page: http://dx.doi.org/10.1002/mp.12907 <http://dx.doi.org/10.1002/mp.12907>
Please note: 
Changes made as a result of publishing processes such as copy-editing, formatting and page
numbers may not be reflected in this version. For the definitive version of this publication, please
refer to the published source. You are advised to consult the publisher’s version if you wish to cite
this paper.
This version is being made available in accordance with publisher policies. See 
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications
made available in ORCA are retained by the copyright holders.
∗1.0% 3.5% 0.5% 3.0% 3 g
100ml
0.05
(0.029, 0.071) 0.216(0.185, 0.246)
0.523(0.465, 0.581)
818(585, 1053)×10−6mm2/s 2257(2118, 2296)×10−6mm2/s R1
0.34(0.32, 0.35) 1/s 0.51(0.50, 0.52) 1/s R2 9.69(9.34, 10.04) 1/s
33.07(27.10, 39.04) 1/s
∗
K
3
T1 T2
T2
T1
T1 T2
K =
0.28±0.05 K = 1.18±0.04
0 ≤ K ≤ 0.62
R⇤2
18.2MΩ · cm
80 ◦C 90 ◦C
−20 ◦C
20 ◦C
30 m 90 m
100ml 5 cm 5 cm
x g 100ml
x
7 cm
20◦ ± 0.6◦
◦
k
100mm × 100mm
64×64 TE = 120ms TR = 3000ms
130Hz/pixel 20mm
1.2
b
I
b
log
✓
I
I0
◆
= −bD,
I0 b = 0 D
mm2/s b
s/mm2
b = (γgδ)2 (∆− δ/3) ,
γ
g
T/m δ
ms ∆
ms
trise tfall tflat
δ trise + tflat
trise+tflat+tfall
tfall = trise δ
g
δ = 33 000 s ∆ = 71 000 s
trise = 500 s
b
log
✓
I
I0
◆
= −bD + 1
6
b2D2K +O(b3),
D K
D(1)
D(2)
3T
TE TR
R1
b = 0 b = 4000 3 g b = 0 3 g b = 4000
3 g b = 0 s/mm2
b = 4000 s/mm2
100mm× 100mm 64× 64
90◦
180◦
TE 12ms TR
7000ms R2
TE = n · 15ms n 1 32
TR 6000ms
R⇤2
TR = 3000ms TE
2ms 60ms 10mm
R1 R2
100mm × 100mm
128 × 128 130Hz/Px
R⇤2
128mm × 128mm
128× 128 505Hz/Px
R1
TR
I(TR) = I0 [1− exp (−R1TR)] .
R⇤2
TE
TE
log I(TE) = −R⇤2TE + a⇤0.
R2
TE
log I(TE) = −R2TE + a0.
TE
R2
a0 = log(I0) a
⇤
0 = log(I
⇤
0 ) I0
I⇤0
200mm
R⇤2 y
R⇤2
R⇤2
2mm
TR = 500ms TE
3ms 21ms 100mm×100mm
64× 64 510Hz/px
B0 B0
TR = 300ms TE = 20ms
128mm × 128mm 128 × 128
130Hz/px
B0
B0
B0
50Hz
x (a, b)
x(a, b) 100ml
D(1)
D(2)
b 0 s/mm2 500 s/mm2 1000 s/mm2
1500 s/mm2 b 0 s/mm2
4000 s/mm2
S(0) = 1
b 0.1 g
D(1) = 2254(2228, 2280) × 10−6 mm2/s
D(2) = 2421(2217, 2625)×10−6 mm2/s
0.177(0.154, 0.200)
D(1)
D(2)
0.035
100 cm3 0.040
100 cm3 1 g
0.049
100 cm3 2 g
0.050(0.029, 0.071)
0.126(0.100, 0.152)
2 g 100 cm3
0.435(0.415, 0.456)
0.523(0.490, 0.556)
1 g
0.196(0.183, 0.209)
0.289(0.248, 0.330)
0.1 g
100 cm3
0.094(0.076, 0.111) 0.177(0.154, 0.200)
0.094(0.076, 0.111)
0.523(0.465, 0.881) 3 g
≈ 0.52 3 g
D(1) D(2)
0.2
(0.172, 0.228)
(0.146, 0.219)
2 g
D(1) = (1459 ±
100) × 10−6mm2/s ∆D(1)/D(1) ≈ 6.8% D(2) =
(1669±133)×10−6mm2/s ∆D(2)/D(2) ≈ 8.0%
K = 0.34± 0.02 ∆K/K ≈ 5.9%
2 g
D(1)
D(2)
R1 1/T1
0.35(0.33, 0.37) 0.44(0.42, 0.47) 1/s R2 1/T2
4.9(4.63, 5.16) 22.14(19.9, 24.39) 1/s R⇤2 1/T
⇤
2
21.89(20.69, 23.1) 40.58(38.29, 47.88) 1/s
R1 0.34(0.32, 0.35)
0.51(0.50, 0.52) 1/s R2 9.69(9.34, 10.04)
33.47(27.82, 39.13) 1/s R⇤2 21.89(20.69, 23.10)
246.50(232.50, 260.40) 1/s
R1 R2 R
⇤
2
D(1)(1× 10−6 mm2/s) D(2)(1× 10−6 mm2/s) K
b
0.1 g
R1 R2
R⇤2
R1 R2 R
⇤
2
R2
1 g
R1 0.03 1/s
1 g R2 1.49 1/s
R⇤2 87.357 1/s
R1 R2
R⇤2
R1 R2 R
⇤
2
2 g
R1
D(1) D(2) K
D(1) D(2) K
D(1) D(2) K
R1 R2 R
∗
2
R1 R2 R
∗
2
R1 R2 R
∗
2
bb

100mm × 100mm 64 × 64 TE = 120ms
TR = 3000ms
130Hz/pixel
20mm
10mm
TR = 5000ms
56
28 1200Hz/px
b
1500 s/mm2
b ≥ 2500 s/mm2
b 3500 s/mm2
b >2500 s/mm2
b 4000 s/mm2 b
2000 s/mm2
2200mm2/s
b
b
S/σ S
σ
√
2
b
b s/mm2
2 g
2 g
b
1.2
b
b = 0 s/mm2
b
b = 0 s/mm2
b
b
2500 s/mm2
b
b 2500 s/mm2
b
b 3500 s/mm2 D(1) D(2)
b = 0 s/mm2
b = 4000 s/mm2 b
b = 0 s/mm2
R∗2
R∗2
B0
50Hz
θ x
θ
b
R⇤2
2mm
R⇤2
R⇤2
R⇤2
R⇤2
R⇤2
B0
B0
2 g
R1 R2
R1
R2
∆R1/R¯1
∆R2/R¯2
R¯n ∆Rn
Rn n = 1, 2
R2
R2
2 g
D(1)
D(2)
D(1) D(2)
D(1) D(2)
2 g
R1 1/s R1 1/s R1 1/s
R2 1/s R2 1/s R2 1/s
R1 R2
3 × 3 10mm
D(1)(1× 10−6 mm2/s) D(2)(1× 10−6 mm2/s) K b = 0 s/mm2 b = 4000 s/mm2
b = 0 b = 4000 s/mm2
kg/m3 R1 1/s R2 1/s R2 1/s R
∗
2 1/s
R1 R2 R
∗
2
